Quoting the designer of the Tucker Meter (Ref.13):

"In principle, the instrument measures the mean height of
the water surface relative to a point on the ship's hull, and
adds to this the height of the point relative to an imaginary
reference surface, thus giving the height of the water surface
independent of vertical position of the ship."

The first height cited is measured by pressure gages mounted below the
waterline, and the second is the result of doubly integrating acceler-
ometers mounted adjacent to the pressure gages. Thus in order to produce
a practical and reliable instrument within the confines of pre-1956 tech-
nology, some compromises relative to ideal design had to be made. The
basic description of the instrument (Ref.13) and the rationalization of
any necessary design compromise has been made almost entirely under the
implied condition of zero ship speed. |Indeed, the first page of Refer-
ence 13 includes the statement:

""The ship must generally be hove-to when the recorder is
in use since false wave periods will be recorded if she is moving
towards or away from the waves; it has also been found by experi-
ment that the apparent wave heights may be altered."

Effectively, what was done in calibrating the meter for the
weatherships was to drop a buoy to obtain a standard wave measurement,
retrieve the buoy, then record Tucker Meter output while steaming around
in the area, and then finally drop the buoy again for a closing wave
standard. Analysis (in Ref.l4) involved deriving a directional spectrum
from the buoy measurements, integrating this along various ship courses
and speeds to obtain a predicted encountered wave spectrum, and then com-
paring the results of the derivation with the spectrum of the Tucker Meter
signal. The Tucker Meter signal was assumed to be the result of cascading
the true surface elevation spectrum through two filters. That is, the
true spectrum SCC(w)’ was assumed to be of the form:

= o 2 )
Sec(@) = Spp(u) /8% (u) A (K)) (50)
where
STT(we) is the spectrum of the Tucker Meter Signal
A(k) is a wave attenuation factor which compensates
for the fact that the meter measures mean

dynamic head at some depth, whereas the spectrum
of the surface elevations is desired.

B(we) is the known amplitude response of the double
integrators built into the meter,

Effectively, if the true spectrum is known from the buoy records
the factor A(k) (the quantity "K' is wave number) may be estimated by:
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S (w )
AR(K) ~ ——=—— (51)
Sgg(we)B (we)

From simple theoretical considerations the form of A(k) is expected to be

AGk) = e (52)
where D is the effective mean depth of the pressure recorders and k
corresponds to a mean frequency. A best fit of rather badly scattered
data for I/Ag(k) implied D = 17.5 feet for the weathership, a value some
2-1/2 times that of the actual value of submergence of the pressure heads.
This discrepancy is attributed to interference with waves by the ship.
The scatter in derived values of 1/A° (k) ranged up to a factor of 5,
factors of 2 being typical. Use of the average correction factor on large
numbers of Tucker Meter Spectra from the weatherships is regarded as being
statistically correct. The results of the individual calibrations in
Reference 14 imply that with the best available information the correction
of any individual Tucker meter spectrum may easily result in errors in
spectral area of a factor of 2. The scatter in the correction factor
increased substantially with forward speed, which no-doubt led to the
practice of discarding or viewing with suspicion weathership wave data
obtained with the meter if ship speed was in excess of about 5 knots.
The top speed in the trials analyzed in Reference 14 was 14 knots.

The computation method given in Reference 16 for the Tucker Meter
response (or correction factor) incorporates in an addendum the results
of the analysis of Reference I4. In effect, the wave pressure attenua-
tion factor, Eq. (52) is computed for a depth, D, equal to 2-1/2 times
the actual depth of the installed pressure sensors, and the result is
multiplied by the double integrator amplitude response. The correction
curves given in Reference 2 appear to have been derived in this manner.

The SL-7 Tucker Meter Installation

In the present case the Tucker Meter was installed at Frame 119,
the pressure taps being located 16 feet below the 34 foot waterline port
and starboard. The beam of the ship in way of the meters is 105.5 feet,
and it may be noted that the Tucker Meter installation is 470 feet aft
of the radar installation, and approximately 165 feet aft of midship.

The prescribed calibration procedure (Ref.17) was carried out
upon installation., Though this procedure is highly detailed, one fairly
important detail is omitted., This is the sense of the signal. As noted
in Reference 5 no sense information was available in the calibration phase
of the present project. Accordingly it was necessary to infer the sense
from other channels. Of all the other channels, that with the best reso-
lution and sensitivity to wave position is the longitudinal vertical
bending stress. A positive stress is a tension in the deck, a hogging
moment. From previous data as well as the SL-7 model test data (Ref.11)
it is expected that a hogging moment would be in-phase with wave crest
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near or aft of midship. Accordingly in the present case, positive longi-
tudinal bending stress would be expected to be roughly in-phase with the

Tucker Meter crest, |In the sample time histories in References 2 and 3
and those produced for the sample run L0l previously described, positive
stress and positive Tucker Meter signals were roughly out-of-phase.

Thus it appeared that in the data as originally calibrated, a positive
Tucker signal corresponded to a wave trough, and that the sense would
have to be reversed in order to be consistent with the crest positive
convention adopted for the radar. This is a simple sign reversal in the
data processing.

Analvs s of Possible Corrections

In the present data set, ship speeds are usually 30 knots. Wave
directions and the complexity of the wave pattern are known only to the
extent of the few words in the log books. While the speed-length ratio
range for the SL-7 is about the same as the range tested in the cali-
bration of the weatherships, most of the present data involves speeds
corresponding to the uppermost speed-length ratio of the weathership
trials -- the situation where the scatter was worst. Though the SL-7
is four times the length of the weatherships the pressure gages are
located only at twice the depth. As ships go the SL-7 is quite a dif-
ferent animal than the weathership.

It may be noted that in the case of the weatherships the important

range of storm wavelengths in the North Atlantic (300 to 600" feet) is
entirely above the length of the ship while in the case of the SL-7 it

is entirely below. Thus, for this important wavelength range the ship-
wave interaction for the SL-7 would be expected to be entirely different
than that for the weatherships. Many model tests in short oblique waves
have shown very large attenuation of incident wave height along the

i ship == relatively a much larger attenuation than is experienced in waves
' longer than the ship.

4 There seems no justification for the assumption that quantitative
correction factors suitable on average for the weatherships would be
applicable to the SL-7 for the prevalent wave lengths in the North Atlantic,

For initial data reduction purposes it was clear that at least the
scalar spectra of the Tucker Meter signal would have to be produced. It
was evident that some inspired guessing would have to be done if wave
attenuation corrections of some sort were to be applied to the data, and
it was decided not to attempt this in the basic data reduction procedure,

A Study of Errors Induced by Double Integration

There are two aspects to the correction, Eq. (50). With the type
of data in hand there is always the possibility of making a linear cor-
rection dependent only on encounter frequency; that is, the correction
for the double integrator frequency response was theoretically feasible.

3l




With the philosophy that half a correction might be better than none,
the details of the Tucker Meter were re-examined.

After re-examining the descriptions of the system (Ref.13,16,
17) it appeared that the representation for the response of the instru-
ment, as advanced by the designer and reflected in Eq. (50), is incon-
sistent with the operations which are supposed to be performed on the
observations. It is claimed that the response is the product of a wave
frequency response and a double integrator frequency response. When
frequency response is stated in this way it means that the operations
are cascaded: in the present case that the wave attenuation applies
also to the displacement; and that the double integrator response applies

also to the pressure head. Neither seemed true according to the stated

H principle of operation and the description of the system.

The above is the same point of view which was taken by Pierson
(Ref.7) (though it was not so baldly stated by him), and in following up
this alternate viewpoint Pierson's development in Reference 7 was followed,

Figure 15 indicates the geometry at the section where the meter is
installed. A positive roll (¢¥) and a positive vertical displacement Z(t)
are indicated. The two pressure gages are located a distance D below the
nominal load waterline., Associated with each gage is an accelerometer
which is gymbal mounted. |t appears from the descriptions, Reference 13,
that the accelerations observed will be quite good approximations to true
vertical accelerations. Accordingly, the quantities actually measured
are pressures port and starboard (P, PS) and the vertical accelerations

at the same locations (E (t) and Es(t)). For later use, the actual static
(Hp, Hs) and dynamic (F , FS) heads at the location of the pressure gages
are noted in the figure.

By working through hand books, References 16,17, it appeared that
what is done to the measured signals by the computing circuits in the
instrument may be written as follows:

T(t) = 1.2[p -p]/2 - 1.21(1)*'2"3(:-1)/2

+ 1.2[p -D)/2 - 1.24(7)*Z (t-7)/2 (53)
where: T(t) is the indicated wave elevation
and: L(x) is the impulse response of the double

integration circuits,

The asterisks in Eq. (53) denote the linear convolution operation,
and the dimensions of the terms correspond to pressure head. In Eq. (53)
the negative sign on the doubly integrated accelerations comes about
because the displacement Z(t) is here defined as positive downward, while
wave (crest) is positive upward. The factor of 1.2 is a factor introduced
in the calibration procedure to compensate in part for the apparent atten-
uation of output which is implied by the nominal computed response of the
instrument.,
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FIGURE 15 DIAGRAM OF THE TUCKER METER INSTALLATION
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As may be noted, the value of Eq. (53) is zero for the case of no
motions and no waves since each pressure is then just equal to static
head, D. In the same way if the integrators were perfect and good to
D.C., the value of Eq. (53) would also be zero for no waves and the case
that the ship was given a static displacement.

Because of the accelerometer mountings mentioned and the linearity
of the double integration, the two convolution terms in Eq. (53) may be
replaced by:

-1.20(1)*Z (t)
where: Z(t) = [’z‘p(t) + 7 (1)7/2

= the mean vertical acceleration at
the ship section in question.

Similarly let

P = [PP+PS]/2
= the mean observed pressure
Then B
T(t) = 1,2P - 1.2D0 =1.2¢(t)*Z(t-T) (54)

Equation (54) represents what the instrument apparently does. To
proceed further it was assumed that the pressures could be represented
as follows:

P

i
-
+
- =

p p P

Ps = FS + HS (55)

In Eqs. (55) Fp and FS represent the dynamic contributions due to waves
and the interference of the ship, and H_ and HS are the static heads from

nominal mean water. All these quantities are functions of time, It should
be remarked that the arbitrary division between dynamic and static in

Eq. (55) is consistent with the usual small amplitude wave theory where
the total pressure at depth is the sum of a dynamic component due to waves
and the hydrostatic pressure at depth, Now computing the hydrostatic heads
from Figure 15 and substituting for the port and starboard pressures:

P = [Pp + P.J/2

= [
. * FJl/2 + [Hp + H /2

- er " Fs]/a + 2(t) +Dcosw (56)

Substituting Eq. (56) into Eq. (54), the expression for the Tucker
| Meter signal becomes:
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T(t) = l.2[Fp + FS]/2 - 1.2D[ 1-cose]

+ 1.22(t) - 1.22(7)*Z(t-1) (57)

Now arbitrarily defining F(t) as the mean of the dynamic heads sensed by
the two pressure transducers, and rearranging Eq. (57):

F(t) = T(t)/1.2 +06°/2 + e(t) (58)
with e(t) defined as:
e(t) = £(1)*Z(t-1) - 2(t) (59)

The approximation in the term involving D is within 1% for the range of
rolling angle involved in the present data. In any event, the term DqF/2
would seldom exceed one foot in magnitude in the present data set,
Because this term is quadratic, its contribution to fluctuations would be
half a foot at most, a magnitude which must probably be considered less
than the probable best accuracy of the system.

If the ship is stationary, Eqs. (58) and (59) say that the ''mean
dynamic head", F(t), is conceptually the same as the Tucker Meter signal,
T(t), since it should be remembered that the factor of 1.2 arose in the
calibration as a gain bias meant as an average compensation for the
response of the system, |f the double integration is perfect, e(t) is
zero, and the ''mean dynamic head' and the Tucker Meter signal differ con-
ceptually only by a quadratic term in roll already considered largely
negligible.

Equation (58) thus expresses the outcome of following the previ-
ously mentioned alternate point of view regarding the response of the
instrument., The correction for double integration response appears in
a quite different way. In the frequency domain, the scalar spectrum of
mean dynamic head corresponding to Eq. (58) would very nearly be the sum
of the spectrum of the Tucker Meter output, the spectrum of e(t), and
the co-spectrum of the two terms. Presumably, the spectrum of the mean
dynamic head would be corrected by a frequency dependent factor similar
to Az(k) of Eq. (50) which involves only the attenuation of the waves and
ship-wave interference,

It appeared worthwhile to investigate at least approximately what
the integration error, e(t), Eq. (59) amounts to for present data. Taking
the Fourier Transform of Eq. (59):

S(w) = Z(w)[-1/0*IL(w) - Z(w)
= 3(0)[L(w) -1] (60)

where the bars denote the Fourier Transform. The [-I/wzj factor is the
response of the perfect integrator, The product of this factor and the
acceleration transform is the displacement transform. The (complex)
function L(w) is the response of the double integration as given in Ref-
erence 13, Relative to true displacement L(w) is a peculiar high-pass
filter in that its phases are leads at low frequency and zero at very
high frequencies,
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Equation (60) suggested an approach to the evaluation of e€(t) using
the present data. |In the data reduction for the radar an estimate was
produced of the time history of the true vertical displacement at the for-
ward accelerometers, This is the only vertical displacement estimate
possible with the present data set. The true vertical displacement at
the position of the Tucker Meter may be estimated by:

z(t) = z__, (t) + 470 o(t) (61)

where 6(t) is the pitch angle, the dimensions are feet, and the plus sign

results from the convention that displacements are positive down and pitch
is positive bow up. Numerically, Eq. (61) is not such a good idea because
pitch is small, relatively poorly resolved, and the distance between wave

meters is enormous. The alternative was to do nothing.

Now with an estimate of true vertical displacement, Z(t), the fast
convolution method described in conjunction with the radar data reduction
may be used to estimate €(t), and this estimate used with the Tucker
Meter data to estimate the mean dynamic head, Eq.(58).

The item not defined in the data set is the function [L(w)-11 in
Eq. (60). Al! that is available as a quantitative description of L(w) is
contained in Figures 5 and 6 of Reference 13. To try out the computation
of e¢(t) some reasonable interpolator function was required. Arbitrarily,
the function was assumed in the form of a second order high pass filter
of the form:

2 2 2 . 3
w (w W, ) + iaw

L(w) ~ (w.2- 2)2 + oo B (62)
w W o ¥

where w a constant cutoff frequency

/T
o

The two unknown parameters in Eq. (61) were selected so as to pro-
duce a fit to the amplitude response given in Figure 5 of Regerence 14
within about 1%, and a fit to the given phase leads within 2°, The final

values used were:

T
o

o

31 sec
1.605

Only a very approximate check could be made of the fit for encounter
periods in excess of 50 seconds because of the nature of the graphical
presentation of data in Figure 6 of Reference 13. The very low frequency
behavior of the interpolator was quite reasonable relative to this latter
data. Before applying the approximation to actual data, sinusoidal dis-
placements were transformed and the results analyzed to insure that the
frequency domain operator [L(w)-17, Eq. (60) had been programmed correctly.
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The procedure was applied to the interval previously selected for
trial purposes, Run 401. Figures 16a and 16b are samples of the result-
ing time histories. The portion of data involved is the same as that
shown in Figures 5 and 12, At the top is the vertical displacement at
Frame 119, Eq. (61). It may be noted that the trace is noisy due to the
noise in pitch, and that the first 120 seconds show the effect of tapering
which is in the computed displacement at the radar., The second frame
shows the hydrostatic head correction, e¢(t), Eq. (59). This trace is also
tapered as required by the fast convolution method. The third trace down
is the Tucker Meter signal, calibrated and with sense reversed as previ-
ously noted. Finally, the trace at the bottom is the ''mean dynamic head',
Eq. (58). The term involving roll was included in the computation, but,
as expected, contributed little.

The surprise in these results was how large the correction turned
out to be. The results for mean dynamic head are of the same magnitude
as those for the radar signal, Figure 12 (the scales are the same), whereas
the Tucker signal is much smaller, What appears to produce the large cor-
rection is the combination of phases. Analysis of the study involving
sinusoids indicated that the value of e€(t) for periods of 20 seconds should
be almost as large as Z(t). The magnitude of the correction shrinks to
20% of displacement for 4 sec encounter periods, and very rapidly to zero
for shorter periods.

It may be noted that the hydrostatic head correction and the Tucker
meter signal resemble each other and are roughly in phase. Except that
the various signals were recorded at the same time on the same tape, the
two traces are derived from independent measurements. For the long
encounter periods of the example the phase shifts in the analog double
integrators apparently results in significant error in correcting for the
static head.

Under the stated conditions for Run 401 (head seas, 8.7 kt ship
speed) the wave lengths corresponding to the roughly 15 to 20 second
encounter periods shown range between 1-1/2 and 2 ship lengths. |If this
was what really existed it would be expected that the vertical displace-
ment (heave) near midship would be roughly equal to the wave fluctuations.
Figure 16 indicates that the mean dynamic head and the vertical displace-
ment magnitudes are roughly equal, and roughly the same as the wave trace
from the radar. In addition (noting that displacement in Figure 16 is
positive down) the indicated wave aft of midship would be expected to
slightly lag negative displacement., It is evident from the figures that
this is true.

Spectra were computed for the Tucker Meter and mean dynamic head
data developed for Run 401, These are shown in Figure 17 in comparison
with the spectrum from the radar measurement. As noted, the significant
mean dynamic head (4 rms) compares closely with that computed for the
radar data. The spectral shape is different, the radar spectrum being
broader., Again assuming long crested head seas, a wave attenuation cor-
rection factor was derived from Eq. (52) with D = twice the actual depth
of the pressure gages, and this was applied to the mean dynamic head
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spectrum. In this case the wave attenuation correction is not suffi-
cient to align the mean dynamic head and radar spectra. The computed
Tucker Meter correction curves from Reference 2 are roughly unity in the
encounter range of significance in Figure 17 so that the large disparity
between the basic Tucker output and the other spectra cannot be resolved
in this way.

It was felt that furcher results for "mean dynamic head'' might be
of interest, and it was determined to include this in the Tucker data
reduction procedure. This is of course only half a correction from
another point of view., It is not known how to make the wave attenua-
tion/interference correction to either the Tucker Meter or mean dynamic
head data.

INDIRECT METHODS OF WAVE MEASUREMENT

Because linear systems are reversible in the data reduction sense,
it is tempting to attempt an inferential procedure whereby the wave spec-
trum is estimated from observed response spectra and the (assumed known)
linear properties of the response. To illustrate the general idea and
some of the more serious complications, several hypothetical cases may be
formulated:

CASE 1: Ship Speed Zero, Waves Long-Crested

In this case the response and wave spectrum are simply
related:

Y(w) =!H(w) 1° s(w) (63)

in which H(w) is the response transfer function
Y(w) is the observed response spectrum

and
S(w) is the scalar) spectrum of waves.

Clearly if the response spectrum is observed and the
response transfer function is known, S(w) may be inferred.
The main complication in this simple problem is that most
ship response functions look like low-pass filters with a
more or less strong high frequency attenuation. This means
that the high frequency response spectral density tends to
be driven down into the noise level of the spectral analysis
method and the resulting estimate can be statistically bad.

CASE 2: Ship Speed Non-Zero, Waves Long-Crested
In this case, in general,
- | 12
Y(w,) H, (w,) ES, ()
|
+1H (o) 175, (w)

+ | ﬂa(we)'ass(we) (64)
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in which w, is encounter frequency

Si(we) is the encountered spectrum in region i

The encountered wave spectrum is composed of three parts,
each of which has a one-to-one inverse to the wave fre-
quency plane. Thus in the above case there are three
unknown rather than 1, The solution can be approached by
considering 3 responses simultaneously, thus giving

3 equations in 3 unknowns, which may be solved if the
matrix of responses is not ill-conditioned.

CASE 3: Ship Speed Non-Zero, Waves Short-Crested

Here it is instructive to consider multiple responses and
write down the general form of the cross and scalar spectra
for responses j and k:

ij(we) . JHjl(we)Hkl(we)sl(wé’xe)dxe

" JHj2(we)Hk2(we)SQ(we’xe)dxe

o JHJ3(we) Hk3(we)s3(we’xe)dxe (65)
in the above
ij(we) = cross spectrum, responses j and k
Hji(we) = response j transfer function for wave

mapping region i (asterisk denotes
complex conjugate)

Si(we’xe) = encountered directional wave spectrum,
region i

X = heading angle

Just as with the wave spectrum itself, all the possible
response spectra and cross spectra involve the direc-
tional wave spectrum imbedded in integral equations.

It is not immediately apparent if this representation
can be inverted without some gross approximations about
the relative wave headings, The St. Denis-Pierson model
is not a conventional linear system in the encounter
frequency plane.

Given that much of the present data set involves high ship speed,
and that there are relatively few channels of information available, it
was felt advisable not to attempt to plan on a serious attempt along the
iines just discussed. For a few hove-to cases in the data set the nominal
ship heading was head seas, -~ that there is the possibility of trying
Case 1 on a few pieces of data. For this purpose the midship stress
spectrum is probably the most promising response spectrum, and thus compu=
tation of the stress spectrum was indicated for the final data reduction
procedure,
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THE FINAL DATA REDUCTION AND PRESENTATION PROCEDURE

The final data reduction procedure for all intervals involved:

a, Four main computation programs, the last one of which
produced a complete file of results for each interval.

b. Two lister programs to supply immediate indications of
some of the results.

One file consolidation program which produced one file
for each voyage leg containing everything but the time
histories of radar wave and mean dynamic head.

d. Two programs to generate the final graphical presenta-
tions for each interval,

ltems b through d amount to bookkeeping operations. The work is done in
the four main computation programs.

The first computation program carried out the procedure previously
described for the radar. At its conclusion the radar wave spectrum and
the computed time history were written in temporary files as was the time
history of vertical displacement at the radar.

The second program involved reduction of the Tucker data. Both
the original data and the displacement file produced by the first program
were accessed. The procedure described was carried out so that time his-
tories of mean dynamic head and the Tucker Meter signal were available.
These were spectrum analyzed, and all results written in a temporary file.

The third computation program accessed the various wave-related
time histories (radar, Tucker, and mean dynamic head) and performed a
peak-trough analysis on the middle 16-1/2 minutes of each. (Because of
the previously described tapering both the radar and mean dynamic head
data are not valid for the first and last two minutes of sample.) The
object of the peak-trough analysis was to produce double amplitude
statistics. The zero crossing convention was used; that is, a crest was
defined as the largest instantaneous value in an excursion above the
sample mean, a trough was the smallest instantaneous value in an excur-
sion below the sample mean, The double amplitude is the difference in
elevation between crest and succeeding trough. |In this approach small
fluctuations are more or less ignored if they are riding on top of large
ones. The results resemble the double amplitudes which would be estimated
by hand from an oscillograph record except that the hand analyst would
probably visually fair through superimposed noise whereas the computer
does not. The effect is that while the computer gets about the same
number of double amplitudes as the human analyst, the computer's answers
tend to be higher if the records are noisy. From the double amplitudes
found the average of 1/3 and 1/10 highest were computed, and the position
in the sample of the largest double amplitude was noted. AIll results,
including the actual double amplitudes were written in a temporary file,




The fourth computation program accessed the original data and
performed spectrum analyses upon the midship vertical bending stress and
roll, It then accessed all previously written temporary files and pro-
duced a new file containing all of the results for the interval. These
results included log-book data, results of the first analysis of raw data
(Ref.5), five spectra along with all analysis parameters, all results
from the peak-trough analysis, and the two new time histories, the radar
wave and the mean dynamic head. These files were meant to be stored on
magnetic tape for possible future reference.

The final presentation of results for each interval is contained
on two charts. Sample charts for the example interval used throughout
this report are included as Figures 18 and 19. The first of the two
charts contains the scalar spectra and a tabulation of results. The
second chart involves sample time histories. Both are identified at the
bottom with the DL run number, the voyage number, the analog tape and
interval numbers, and the index number assigned by Teledyne.

Referring to Figure 18, the tabulation at the left is intended as
a summary of the most significant numbers pertaining to the interval.
At the top is as much of the original log-book data as it seemed reason-
able to squeeze in. This includes date, time, position, and ship speed,
as well as the visual estimates of wave and swell heights and directions,
Directions are counted from the bow to port or starboard in degrees. The
'sea state'' is apparently the Beaufort wind. The final line in the first
section of the tabulation includes comments on visual weather and, after
the slash, any other comment appearing in the log.

The second box in the tabulation involves midship longitudinal
stress results. Only two of the many numbers which are available could
be included as indices. The first is the maximum peak to trough stress
excursion as obtained in Reference 2. The second index is the signifi-
cant stress (4 times rms) as derived from the area of the stress spectrum
obtained in the present reduction.

The third box in the tabulation is a summary of motions. Again
the ''significant' motions (4 rms) are indicated. The value for roll was
derived from spectrum area, that for pitch and accelerations from the rms
of the basic data. (Unless there are significant linear trends in the
data the differences are slight between ''raw' and ''spectrum' rms.) The
last three items in the list involve various stages in the radar data
reduction, The first is the slant range as recorded. The ''vertical
range'' is Rc(t) of the radar analysis. This entry is essentially the

vertical component of the range relative to the position of the accel-
erometer package. The number was derived from the spectrum. The last
entry is the significant displacement at the radar (significant doubly
integrated acceleration). It too was derived from spectrum analyses.

In a sense, the table at the bottom of the tabulation contains the
final numerical answers. |Items in the first column pertain to the uncor-
rected Tucker Meter signal. The second column pertains to the mean dynamic
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head developed in conjunction with the analysis of the Tucker meter, and
the third column pertains to wave elevations derived from the radar system,
The first row in the table is the number of double amplitudes found in

the middle 16-1/2 minutes of the sample, Below this are noted the maxi-
mum height found and the averages of the 1/10 and 1/3 highest double
amplitudes. The final line in the table is the significant (4 rms) height
derived from the spectral analyses. Ordinarily it is expected that the
last two lines of the table will be about the same.

At the right of Figure 18 are plots of the five computed spectra.
It was decided to standardize the frequency scale from 0 to 2 rad/sec.
In the great majority of intervals everything of interest is contained in
this range. In some intervals one spectrum or another is non-negligible
beyond 2 rad/sec but nothing much has been seen beyond 2.5 rad/sec for
any of the quantities analyzed except in the stress spectrum where some-
thing may often be noticed around the frequency of the first mode of
vertical vibration. The folding frequency of the analyses is above
20 rad/sec; no aliasing is expected, Reference 5.

The stress and roll spectra are plotted together. The vertical
scale is for the stress spectrum. The roll spectrum has been multiplied
by he factor moted in the legend before plotting. Dimensions of the
stress spectral density are (kpsi®/rad/sec) and those of the roll spectral
density are (deqg /rad/sec).

All three wave related spectra (Tucker, mean dynamic head, and
radar) are plotted together to the same scale. The dimension of the wave
spectral density is (feet”/rad/sec). In the wave spectrum plot there is
a vertical (slightly joggled) dashed line. This line marks the position
of the low frequency cutoff, w_ , discussed previously in conjunction with
double integration of the vertical accelerations. It is correct to inter-
pret the position of this line as meaning that the double integration has
been done correctly for higher frequencies, and incorrectly for lower
frequencies.

There are several details about the spectrum analyses which are
not documented in the plots because they are constant throughout the data
reduction. First, the normalization of the spectra is such that the
spectrum area equals variance. All spectra are derived from a Fast
Fourier Transform analysis of an 8192 point sample. The fundamental
result is 4096 spectral estimates of 2 degrees of freedom each. These
estimates are uniformly spaced in frequency at a delta-frequency of
0.00511 rad/sec. In order to improve statistical reliability the basic
spectral estimates were averaged in blocks of 20 estimates at intervals
of 10 estimates, The resulting averages are thus equi-spaced on the
frequency scale at intervals of Aw = 0,0511 rad/sec. This also means
that adjacent spectral estimates as shown in the plot are not quite inde-
dendent -- to about the same degree as spectral estimates from the older
autocorrelation methods are not independent.




As a result of the averaging, each spectral estimate has 40 degrees
of freedom associated with it. Accordingly, the 907 confidence bounds on
the spectra shown in the charts may be formed by multiplying the values
given by 0.72 and 1.51. Had the process sampled continued indefinitely
and a large number of 20,5 minute samples been obtained and analyzed,
nine cut of ten of these new estimates of spectral density would be
expected to lie within the bounds so constructed. The practical implica-
tion is simply that the influence of sampling variability upon the given
numerical results is roughly the same as that associated with the result
of most other full scale wave measurement exercises.

The last detail of the spectrum analysis is the ''total degrees of
freedom'' Reference 10, This number is included in parentheses at the end
of each line of legend because it depends upon the shape of each indi-
vidual spectrum., It is an estimate of the proper number of degrees of
freedom to use in constructing confidence bounds on the sample variance.
| f each of the numbers in the present 8192 point time histories had been
picked randomly the ''total degrees of freedom' would be 8191. This is
not the case -- adjacent members of all the present time series are highly
correlated so that the equivalent ''random'' sample size is much smaller,

In the present data set the ''total degrees of freedom'' (TDF) is expected
to vary between 60 and 600. Approximate 90% confidence bounds on the
variances assuming a Normal zero mean process, may be constructed by
multiplying the estimate by two factors derived from the percentage points
of the Chi-square distribution. Examples of the values of these factors
are given as follows:

TDF Factor for Factor for
Lower Bound High Bound
60 e 132
120 .80 12/
200 .84 L
Loo .89 L2
600 oIl 1.10

These are factors for the variances. The square root applies to the rms
values so that very roughly the 90% confidence bounds on rms range from
the sample rms % 15% for TDF = 60 to the sample rms + 5% for TDF = 600,
The practical implications of these results are quite similar to those
mentioned in connection with the confidence bounds on the spectra. There
is only so much '"precision'' obtainable from one 20 minute sample of wave
elevation -- that which was attained in the present work appears compar-
able to that achieved in the past in similar studies. With respect to
comparisons between wave meters or between data ard predictions of rms
ship responses there can be little justification to a concern about
differences of 5 to 15% magnitude.

Figure 19, the sample time histories, needs little explanation,
except perhaps to say that the duration of the sample shown (8-1/2 minutes)
was a compromise between a desire to display as much of the 16-1/2 minutes
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of derived wave time histories as was possible in one page; and the desire
to spread the time scale out so that individual fluctuations were visible
for intervals involving high ship speed in head seas. To produce the
charts an 8-1/2 minute portion of the available 16-1/2 minutes of sample
was chosen such that the largest radar wave double amplitude is shown --
as well as (if possible) the largest mean dynamic head double amplitude.

It may be fairly asked why the effort in producing plotted time
histories for each interval was considered worthwhile. The answer to the
question is fairly simple. While the present data in its original analog
form has been scanned systematically by eye (Refs, 2,3,5), the process
involved oscillograph records with a time scale of about 15 minutes to
the inch. At this time compression only a gross idea of what was happen-
ing can be formed, no detailed assessment of the believability of the
data can be made, and, most importantly, the odd malfunction which is
enough to upset the spectrum estimates or the statistics may often go
unnoticed. This last is considered most important in the radar data,

It was pointed out earlier and in Reference 5 that an attempt was made to
weed out intervals where the radar had evidently lost signal and re-
established a new reference range. In this process only the most obvious
instances could be identified;, no guarantees could be made that all
instances of moderate or small magnitude had been eliminated.
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